More than 100 females of the obligately asexual bdelloid rotifers were isolated from nature and their mitochondrial cox1 genes (encoding cytochrome oxidase subunit 1) were sequenced. Phylogenetic analysis of the sequences showed that most of the isolates fall into 21 clades that show two characteristics of species: they are reciprocally monophyletic and have sequence diversities similar to that of species in other organisms. These clades have been evolving independently in spite of being effectively sympatric, indicating that they are adapted to different ecological niches. In support of this, at least some of the clades differ in morphology, food utilization, and temperature tolerance. We conclude that the bdelloid rotifers have undergone substantial speciation in the absence of sexual reproduction. We also used these sequences to test the prediction that asexual organisms should be subject to relaxed natural selection and hence will accumulate detrimental mutations. In contrast to this prediction, several estimates of the ratio K a /K s for the cox1 gene showed that this gene is subject to strong selection in the bdelloid rotifers.
Introduction
''Sex is the queen of problems in evolutionary biology. Perhaps no other natural phenomenon has aroused so much interest; certainly none has sowed as much confusion. '' Graham Bell 1982 The Masterpiece of Nature ''These facts ... seemed to throw some light on the origin of species -that mystery of mysteries, as it has been called by one of our greatest philosophers.'' Charles Darwin 1859 The Origin of Species (p. 11 in The Modern Library edition).
The phylum Rotifera includes groups in which sexual reproduction is obligatory, interspersed with asexual reproduction, or lacking entirely and replaced by obligate asexual reproduction. Rotifers are thus ideal for studying two of the most important questions in biology: What is the evolutionary advantage of sexual reproduction? and What are species and how do they arise?
The evolutionary advantage of sex can be illustrated with the monogonont rotifers. Monogononts can lose facultative sexual reproduction as a consequence of a single mutation in any one of the genes required for sex. The loss quickly becomes irreversible as additional mutations accumulate in these genes. Moreover, asexual mutants have as much as a two-fold advantage and so should be quickly fixed in the population and species. This begs the question, why havenÕt all the sexual monogononts been replaced by obligately asexual lineages? Evidently sexual organisms enjoy compensating advantages which give them a higher speciation rate or lower extinction rate than asexual organisms. There are many theories about the selective advantages that favor sexual organisms and species over asexuals (Bell, 1982; Kondrashov, 1993; Barton & Charlesworth, 1998) . Most of these can be summarized in one general statement: natural selection works better with sex. Asexual clones and species should accumulate more detrimental mutations than sexual lineages and species (MullerÕs ratchet). The increased genetic load should lead to extinction of the mutant clone or species (the meltdown). Moreover, asexual clones and species will be less able to fix advantageous mutations and adapt to different habitats. To the extent that speciation depends on adaptation to different niches, asexual species will be less able to speciate. If asexual lineages have a high rate of extinction and a low rate of speciation, then the net rate of speciation (speciation minus extinction) will be low in asexual organisms. Clearly, the question of the evolutionary advantage of sex and the question of the nature of species and speciation come to a common focus in asexual organisms.
In fact, the very possibility of speciation in asexuals is controversial for several reasons. One is the focus on the biological species concept, in which species boundaries are defined by the absence of sexual reproduction. As a result of this focus, most studies of speciation have dealt with the establishment of reproductive isolation in sexual organisms. The existence of species in asexual organisms is also controversial because of a misunderstanding of basic population genetics, leading to the misconception that the descendants of an asexual organism must form a continuum of genetic variation, or that sexual reproduction is necessary to hold a species together.
These misconceptions have been addressed theoretically by Barraclough et al. (2003) . They used well-established results from coalescent theory to show that an asexual lineage can split into two or more independently evolving clades as a result of divergent selection for adaptation to different niches, geographic isolation, or both. This is illustrated in Figure 1 . A common model of asexual reproduction is shown in Figure 1a in which an asexual organism divides repeatedly to produce a clone. If mutations occur randomly in the population, then individuals that separated in the sixth cell cycle will be very similar, while those that separated in the fifth cycle will have on average more mutational differences, and so on. The result is a continuum of genetic differences between individuals, with no gaps separating clades or species. However, this model assumes completely synchronous reproduction with all individuals having exactly the same number of offspring. In real life, reproduction is not synchronous; some individuals die without reproducing, while others leave variable numbers of offspring (Fig. 1b) . At the level of the gene, this is random genetic drift. Clusters of similar organisms are produced but these clusters are transient and would not be considered different species. Divergent selection due to adaptation to different ecological niches (Fig. 1c) produces long-lasting clades that evolve independently of each other. These are likely to differ in morphology, physiology, or behavior, and would reasonably be called species.
Although it is clear that asexual organisms can speciate in theory at least, theory does not make a clear prediction about whether the rate of speciation will be less than it is in similar sexual organisms. As discussed above, natural selection is predicted to be less effective in asexual organisms, making it more difficult to fix the mutations required for adaptation to different niches. Also asexuals cannot speciate in allopatry without adapting to different niches, while sexual organisms can, at least in principle. On the other hand, asexuals do not have to evolve reproductive isolation in order to speciate, since they are already reproductively isolated from each other. Asexuals are generally more effective colonizers than sexuals and hence are more likely to be exposed to different selective pressures. Finally, genetic hitchhiking in asexuals facilitates cladogenesis during divergent selection. Barraclough et al. (2003) concluded that the extent to which asexual organisms speciate is an empirical question. We undertook to determine whether the obligately asexual bdelloid rotifers have undergone speciation.
Although the bdelloids have been divided into 4 families, 18 genera, and more than 374 species (Donner, 1965; Segers, 2002) , this has been done largely on morphological grounds. While the species so described are as stable as species in the facultatively sexual monogononts (Holman, 1987) , we believe that the definition and identification of species needs to be corroborated by phylogenetic analyses of DNA sequence data. Papers in this symposium and elsewhere show that traditional taxonomy of the monogononts does not always agree with molecular phylogenies. In particular, the identification of sibling or cryptic species seems to be common in rotifers as it is with many other invertebrates and protists (Derry et al., 2003; Go´mez, 2004 , Part II. Genetics and Molecular Ecology). We sequenced the mitochondrial cox1 gene from a large collection of individual bdelloids isolated from nature. Phylogenetic analysis of these sequences revealed 21 independently evolving clades with diversity similar to that found in species of sexual organisms. Identification of these clades as species was supported by evidence for adaptive differences between some of the clades in morphology, food utilization, and temperature tolerance. Our results provide the first molecular phylogenetic evidence for substantial speciation in an asexual lineage.
The same sequence data used for phylogenetic analysis can also be used to test theories about the evolutionary advantage of sex. In particular, it can be used to test the prediction that asexual lineages should accumulate detrimental mutations to a greater extent than do sexual lineages. This phenomenon, called MullerÕs ratchet, is a special case of the Hill-Robertson effect (Barton & Charlesworth, 1998) , in which selection acting on one site interferes with selection acting on all linked sites. Although the Hill-Robertson effect is based on robust theory and is almost certainly applicable to all asexual organisms, the strength of its effect depends on a number of factors, notably selection intensity and population size. Consequently, the accumulation of detrimental mutations (and likewise the reduction in speciation) may not be significant. The extent to which detrimental mutations are fixed in a lineage can be estimated by K a /K s , the ratio of amino acid substitutions (mostly detrimental or neutral) to synonymous substitutions (mostly neutral) along the lineage. Using this measure, we were unable to detect any greater accumulation of detrimental mutations in the bdelloids than in the monogononts or other sexual organisms. Thus, it seems unlikely that bdelloid species have an unusually high rate of extinction due to genetic load.
Materials and methods
We collected 102 individual female bdelloids from nature; 8 more were obtained from other laboratories or commercial sources. They were reared in the lab on algae (Chlamydomonas reinhardtii or Chlorella vulgaris) or bacteria (Escherichia coli or Klebsiella pneumoniae pneumoniae), or a combination of these, to produce clones of females. All were identified to genus and some to species. The descendants of a single bdelloid constitute a clone. Table 1 gives the classification and origin of each clone and the accession number of the corresponding cox1 sequence.
Approximately 100 females from each clone were washed free of food organisms by exposure to dilute detergent (SDS), rinsed in sterile distilled water, starved for 5-7 days to eliminate food from their digestive tract, and washed again. Adineta and Habrotrocha were simply rinsed repeatedly in sterile distilled water before and after starvation, because they are sensitive to SDS. After the final wash or rinse, animals were collected in a minimal volume of distilled water in a microfuge tube and stored at )20°C.
QIAmp or DNeasy spin columns (QiaGen) were used to isolate DNA from frozen rotifers. In a few cases, rotifers were lysed with SDS and proteinase K, then DNA was purified by a phenol-chloroform-isoamyl alcohol procedure. The mitochondrial cox1 gene encoding cytochrome oxidase subunit 1 was amplified from the DNA by the PCR using primers HCO 5¢ TAAACTTCAGGGTGACCAAAAAATCA, and LCO 5¢ GGTCAACAAATCATAAAGATATTG G (Hoeh et al., 1998) . The amplification product was purified with QIAquick columns (QiaGen) and sequenced in both directions by the Genomic Analysis and Technology Core at the University of Arizona using the amplification primers. From each clone, we obtained 591 bases of unambiguous sequence for cox1, corresponding to sites 77-666 of the human sequence, with the insertion of one codon in the bdelloid sequence.
The cox1 sequences of monogonont rotifers used as the outgroup were taken from GenBank; accession numbers are in Table 1 . Each Brachionus plicatilis sequence was obtained from a single fertilized egg (Go´mez et al., 2000) which would have hatched to produce a clone of asexual monogonont females. Sequences from B. quadridentatus, B. calyciflorus 6ALM, and Hexarthra sp. 1ERA were provided by Africa Go´mez and are unpublished. We will refer to each of the monogonont sequences as a clone.
Initially, cox1 sequences were aligned with Clustal W implemented in the SeqApp or SeqPup programs (Gilbert, 1992) and the alignment was verified by examining the inferred amino acid sequences.
Thereafter, additional bdelloid sequences could be unambiguously aligned by eye. There were some gaps and differences in sequence length; we used only regions present in all sequences. Phylogenetic trees were made in PAUP* (Swofford, 1998) using parsimony or neighbor-joining. The latter used pairwise sequence differences corrected for multiple hits with the GTR + I + G model and parameters selected with the maximum likelihood algorithm in ModelTest (Posada & Crandall, 1998) . For testing food utilization, each clone was reared for ‡7 days in parallel cultures on each of the experimental food sources (E. coli or C. reinhardtii). Then the growth of each clone on each food was assayed by isolating 10 randomly chosen females in each of 10 depression slides in approximately 1 ml of distilled water at 25°C. Excess food organisms (E. coli or C. reinhardtii) were added. After approximately 2, 4, 6, and 8 days, the fluid was replaced with fresh water and food organisms and animals were counted. After an initial lag, the number of animals increased logarithmically. Log growth rates were compared using ANOVA.
The temperature tolerance of a clone was measured by isolating 12 females aged <24 h in depression slides with excess C. reinhardtii at each temperature (16, 27, 36°C) . Animals were counted and the fluid was replaced with fresh food and water at intervals that varied with the growth rate of the cultures. After an initial lag, the number of animals increased logarithmically. Log growth rates were compared using ANOVA.
Results

Cladogenesis in bdelloid rotifers
Bdelloids were collected from sites in Arizona, Massachusetts, New Mexico, Colorado, Illinois, Ohio, and Tennessee in the U.S. and from Italy (Table 1) . Collection sites included temporary and permanent lakes, ponds, streams, and springs, dirt, (Go´mez et al. 2000) . g Sequences provided by Africa Go´mez.
and moss, at elevations ranging from sea level to 3660 m. In the laboratory, individual females were isolated, a clone was reared from each female, and the cox1 gene was sequenced from each clone. Phylogenetic trees were made from these sequences plus those of four monogonont rotifers as an outgroup. Details of this analysis, and its application to a larger dataset, will be presented elsewhere; here we give only a brief summary. Trees made with either parsimony or neighborjoining showed the striking pattern illustrated in Figure 2 , in which 21 shallow clades with ‡70% bootstrap support are separated from each other and from the remaining clones by deep branches. The deep branches are joined at a polytomy, which can be partially resolved with the aid of additional sequence data from the mitochondrial cob gene (not shown). There are very few intermediate branches.
The well-supported shallow clades meet two criteria for potential species:
1. The within-clade nucleotide diversity is £ 2%, similar to that of well-established species in many other organisms (e.g., Avise, 1994; Moriyama & Powell, 1996) . 2. The sequence differences between the clades are at least four times greater than the maximum diversity within the clades. This makes it likely that the clades represent samples from populations that are reciprocally monophyletic, based on the following reasoning:
The neutral expectation of the pairwise differences within a population (nucleotide diversity p) is approximately 2N e u for mitochondrial genes (Birky et al., 1983) , or less due to hitchhiking (Maruyama & Birky, 1991) . Also it takes 4N e generations for 95% of pairs of sister species to become reciprocally monophyletic in an asexual genome (Avise & Ball, 1990; Avise, 1994) , at which point the mean pairwise difference between the species is d = 8N e u. Moreover, Rosenberg (2003) showed that when d ‡ 4N e u, one can infer reciprocal monophyly of the populations from which the clades are samples with 95% probability. This theory was developed for uniparentally inherited mitochondrial or chloroplast genes. Although it would not apply to nuclear genes in a sexual organism (Hudson & Coyne, 2002) , it does apply to all genes in the asexual bdelloids because all nuclear and organelle genes behave as a single non-recombining unit
Niche adaptation in bdelloid clades
Two or more clades will be reciprocally monophyletic if the populations of bdelloids that they represent have been evolving independently of each other for a long time. Two or more lineages are most likely to evolve independently if they are permanently geographically isolated or if they are adapted to different niches. Several lines of evidence make it very unlikely that our clades have been geographically isolated during their evolution. The evidence is described in detail elsewhere and will only be summarized here.
1. In several cases, members of different clades or singlets were isolated from the same sample. These cases are:
Abr1, Pha10 from temporary pool, Virginia Dale, CO (sample Angl1) Adi singlet Bird2/3, Pha singlet Bird2/4, Pha6, from bird bath, Tucson, AZ (Bird2) Pha6, Pha8, from temporary stream, Helvetia, AZ (Hel1) Adi1, Pha8, Pha10, from temporary stream, Round Valley, AZ (Rou1) Pha5a, Pha5b, from temporary pool, Kofa National Wildlife Refuge, AZ (Kofa1) Pha4, Pha6, Pha7, from dust, Yetman trail, Tucson, AZ (Yet2) 2. Bdelloids survive dessication and disperse in the wind, and colonize habitats quickly and effectively (Ca´ceres & Soluk, 2002 ). 3. We were able to estimate the dispersal rate of animals in clade Pha8. The clones in this clade were collected in Columbus, Ohio and from Helvetia and Round Valley in Arizona. We divided the geographic distance between each site in Arizona and Ohio by the sequence difference between each pair of Arizona and Ohio rotifers to obtain a dispersal rate of 613 km/% sequence difference. These clones are separated from clones in other clades and from singlets by a median sequence difference of about 50%, so they could have dispersed by over 613 · 50 = 30,646 km since they diverged from the other clades. This is about 3/4 of the circumference of the earth.
We plotted the geographic distance versus the sequence difference between each pair of clades, using amino acid sequences to avoid possible problems with saturation. The Mantel test, implemented in IBD (Bohonak, 2002) , showed a significant correlation between geographic distance and sequence difference but the regression line has a very small slope, indicating rapid dispersal. Using the rate of dispersal estimated by this slope, we found that the bdelloid clades could have dispersed around the world many times since their divergence.
It thus appears that most or all of our clades have repeatedly colonized the same bodies of water. Their continued independent evolution can then be most easily explained if they are adapted to different niches. We obtained direct evidence that at least some of our clades are adapted to different niches.
First, at least some of the clades utilize different, albeit overlapping, food sources. We identified all clones to genus based on discrete morphological differences, and some of these differences Figure 2 . Bootstrapped neighbor-joining tree using pairwise distances corrected for multiple hits with the general time reversible plus invariant sites and gamma-distributed variable sites. Clades that are putative species are shown with bold lines and named on the right (e.g., Adi1 for Adineta clade 1, Pha6 for Philodina clade 6, etc. Genera are indicated left of the basal polytomy. almost certainly result from adaptation to different feeding methods. For example, Adineta lack a ciliated corona and cannot swim or feed on suspended particles; instead they glide over the substrate and presumably scrape up food with the comb-like structure just behind the ventral mouth. In contrast, Philodina, Macrotrachela, and Rotaria have ciliated coronas which they can use while swimming or to create a vortex that brings food to their mouths while they are attached to the substrate. Besides feeding on suspended material, they can also pick up food from the substrate in their immediate perimeter while attached by the toes.
We hypothesized that Philodina and Adineta are adapted to feed on suspended organisms or organisms on the substrate, respectively. In preliminary experiments to test this, we compared the food utilization of a clone of Adineta, Bird2/3, and one of Philodina, FlT2/1. The population growth of these clones was compared on two different food sources, the motile green alga C. reinhardtii and the nonmotile bacterium K. pneumoniae pneumoniae. For each clone and each food source, 10 replicate cultures were initiated with 1 randomly chosen female in distilled water with excess food and counted every one to two days. Population growth became loglinear after an initial lag; the slope of the loglinear phase is an estimate of the intrinsic rate of natural increase r. The results (Table 2) show a significant difference ( p < 0.001) in food utilization between these two clones. The difference might be related to swimming versus nonmotile food as hypothesized. However, because Klebsiella is much smaller than Chlamydomonas, there could also be a preference for particle size (Vadstein et al., 1993; Ronneberger, 1998) , or there might be a difference in nutritional quality. More extensive experiments by Ricci (1984 Ricci ( , 1991 demonstrated differences in food utilization between genus and also between species of the same genus and between isolates of one species.
Another likely kind of adaptation in bdelloids is to temperature. We compared the temperature tolerances of clones from two Philodina clades, Pha2 and Pha3. From each clone, 12 replicate cultures were initiated with 1 immature female at 16, 27, and 36°C with Chlamydomonas as food. Each of these is referred to as a line. Animals were counted daily and the number of animals plotted against time, with the following results:
1. At 36°C, only lines from clade Pha2 (clones Huf 1/1, Huf1/2, and Huf1/3) survived. The rate of reproduction varied greatly among the 12 lines of each clone; some never achieved log growth; and the number of animals increased erratically in some. The percentage of females that survived and reproduced was 92% for Huf1/1, 67% for Huf1/2, and 50% for Huf1/3. All of the females from clade Pha3 (clones Duc1/2, FlT2/1, and HuN1/1) died without reproducing. Some of the death may have been due to damage during isolation, but this should affect all the clones about equally. 2. At 27°C, clones from the two clades differed in the length of a lag period before achieving exponential growth of numbers and in log growth rate. Pha3 clones (Duc1/1, Duc1/2, FlT2/1, HuN1/1) consistently have a shorter lag (ca. 45 h versus 75 h) and higher log growth rates than the clones from Pha2 (Huf1/ 1, Huf1/3). Some females died without reproducing, possibly due to damage during isolation. These lines were not included in the analysis, reducing the sample size below 12. In contrast to the situation at 36°C, the number of non-reproducing animals was not significantly different between the two clades. 3. At 16°C, clones from clade Pha2 (Huf1/1, Huf1/2, Huf1/3) again had a longer lag time of ca. 250-400 h compared to those from Pha3 (Duc1/1, Duc1/2, FlT2/1, HuN1/1, HuN1/2, ScM1/1; £ 110 h), but had similar log growth rates. Some animals died without reproducing, reducing the sample size. The numbers of nonreproducing animals was not significantly different between the two clades. 4. Two clones from Pha2 (Huf1/1, Huf1/3) and three clones from Pha3 (Duc1/2, FlT2/1, HuN1/1) were tested at all temperatures; Figure 3 compares their mean log growth rates. The growth rates of Pha2 clones were lower at both 16 and 27°C but the 95% confidence intervals overlapped.
We conclude that clade Pha2 is adapted to a higher temperature range than is clade Pha3.
Because bdelloids disperse and colonize readily, a female isolated from a particular site may not be well adapted to it; it may belong to a clone that is a recent arrival rather than a long-term resident. Consequently, when animals from different clades are found in the same sample of water, this is not by itself definitive evidence that those clades are adapted to different niches. However, collectively the data strongly suggest that the bdelloid clades identified as putative species have occupied the same bodies of water repeatedly if not continuously, and geographic isolation cannot explain their independent evolutionary paths.
We conclude that these clades fit most or all of the species definitions that are applicable to asexual as well as sexual organisms. In particular, they fit the phylogenetic and genealogical definitions that focus on reciprocal monophyly. They satisfy the evolutionary definition, which requires that they be following independent evolutionary paths. Finally, they fit the cohesion definition, which explains independent evolution in terms of demographic non-interchangeability due to adaptation to different niches. Contrary to some predictions, this ancient asexual lineage has undergone substantial speciation, driven at least in part by divergent selection.
Finally, we note that our results agree with the suggestion that cox1 gene sequences could be used as a ÔDNA barcodeÕ to identify species .
Effectiveness of selection on a bdelloid mitochondrial gene
The ability of bdelloids to speciate and survive for a very long time might indicate that natural selection continues to operate effectively on bdelloids in spite of their loss of sexual reproduction. We tested this possibility by estimating the proportion of mutations that change amino acids (nonsynonymous mutations) and are not eliminated by natural selection. This proportion is commonly estimated by K a /K s , the ratio of amino acid substitutions to synonymous substitutions. The rationale is that most synonymous mutations are neutral so K s estimates the mutation rate. If selection is weaker in asexual than in sexual lineages due to the Hill-Robertson effect, a larger proportion of detrimental mutations will be fixed in the asexuals, and most of the detrimental mutations will be nonsynonymous.
Mitochondrial genes are inherited uniparentally, from the maternal parent only, in most animals (Birky, 1996) . Therefore, it is likely that they are also inherited uniparentally in monogononts and in the common ancestor of monogononts and bdelloids. Nevertheless, the loss of sexual reproduction in bdelloids should result in a marked reduction in the effectiveness of selection for both mitochondrial and nuclear genes. The effectiveness of selection at any site in a genome is reduced by selection on other loci. This reduction is greatest when the other segregating loci are completely linked to the site (Hill & Robertson, 1966) . The larger the number of such linked loci, the greater is this Hill-Robertson effect (Birky & Walsh, 1988) . In sexual organisms, the nuclear and mitochondrial genomes are unlinked, and background selection on the nucleus has little effect on mitochondrial genes. In the bdelloids, loss of sex caused all the nuclear genes to become completely linked to each other and to the mitochondrial genes. Since nuclear genes outnumber mitochondrial genes by a factor of 500 or more, number of loci linked to a mitochondrial gene increases by the same factor with a resulting large increase in the Hill-Robertson effect.
We used two partial datasets to estimate K a /K s in the mitochondrial cox1 gene. The ÔlargeÕ data set consisted of 51 bdelloids selected to include a single member of most clades and some singlets, 5 monogononts, and the cephalopod Gonatus onyx as an outgroup. Figure 4 is a bootstrapped parsimony tree to illustrate the cladistic relationships of the clones in the large dataset. The ÔsmallÕ dataset included 22 bdelloids, 3 monogononts, and the cephalopod. This dataset was used because some analyses required too much computation time to be applied to the larger dataset. The phylogenetic tree in Figure 5 was used for the maximum likelihood analysis of the large dataset.
We first estimated K a /K s for cox1 among the clones in the large dataset. Maximum likelihood analysis of this dataset was not computationally feasible, so we used K 12 /K 3 as an estimator of K a / K s (most substitutions in positions 1 and 2, K 12 , are nonsynonymous, while most substitutions in position 3, K 3 , are synonymous). We made neighbor-joining trees with the Jukes-Cantor model for the first and second codon positions, then separately for the third codon position. We then calculated K 12 /K 3 for each pair of taxa in the Figure 4 . Phylogenetic tree of 56 rotifer clones (large dataset) plus a cephalopod, Gonatus onyx. The tree was made with the parsimony algorithm in PAUP* and rooted with the cephalopod as outgroup. All clades are supported by ‡70% of 1000 heuristic bootstraps. Clades are named on the right; in some cases only one member of a clade is represented in this dataset. dataset. We did the same analysis with the small dataset to look for effects of taxon sampling. Because some substitutions in the first and second codon positions are synonymous and some substitutions in the third codon position are not, we used two other methods to estimate K a and K s . We used the method of Nei & Gojobori (1986) , implemented in PAML (Yang, 2000) , to estimate K a and K s for each pair of bdelloids and monogononts; then we calculated the pairwise values of K a /K s . Finally, we used the maximum likelihood model of Goldman & Yang (1994) , also implemented in PAML, to estimate K a /K s on each branch in the phylogenetic tree of Figure 5 . These methods were applied only to the small dataset because they are computationally intensive; the results are summarized in Table 3 . All of our estimates of the mean K a /K s for the bdelloids are well below l (a value of 1 indicates complete relaxation of selection), and most are less than 0.1, indicating strong selection on the cox1 gene. It is important to note that selection was strong not only on average but also in most of the individual branches of the bdelloid phylogenetic tree.
The Jukes-Cantor and Goldman and Yang models do not allow variation in substitution rates among sites. This is problematic a priori, because Figure 5 . Phylogenetic tree of 25 rotifer clones (small dataset) plus a cephalopod, Gonatus onyx. The tree was made with the neighborjoining algorithm in PAUP*, using the Jukes-Cantor model, and rooted with the cephalopod as outgroup. All clades are supported by ‡70% of 1000 bootstraps in a separate analysis. Clades are named on the right; in some cases only one member of a clade is represented in this dataset.
we expect many sites at the first and second codon position and some amino acids to be invariant or nearly so when selection is strong. This would lead to an underestimate of K a /K s. Therefore, we also applied two of the variable sites models implemented in PAML. These models allow K a /K s to vary among sites (codons) in each branch, but the ratio K a /K s is constrained to be the same on all branches. Because the great majority of the branches are among the bdelloids, the overall K a /K s estimate is probably close to what would be obtained with bdelloids alone. The model of Yang (1994) with three discrete classes of substitutions (model M3 in PAML) estimated K a /K s as 0.0329 in the bdelloids, similar to the estimates in Table 3 . In contrast, the Nielsen & Yang (1998) model with a continuous beta distribution (model M7 in PAML) gave K a /K s = 0.2168, slightly higher than the NG value.
We used several different methods to estimate K a /K s because there is some disagreement about which method is the most accurate; the differences among these estimates reflect the methodological differences. The important point is that all methods show strong selection.
There is some evidence that the synonymous substitutions on the deep branches are saturated in our data set (David Mark Welch, Matthew Meselson, and Michael Cummings, personal communication) . If so, we have underestimated K s and overestimated K a /K s and selection on cox1 is even stronger than these numbers show.
We compared these K a /K s values for bdelloids to those of sexual organisms. For the small sample of monogononts in our analyses, K a /K s was not significantly different in two methods, was significantly higher in the bdelloids in one comparison, and was significantly lower in one (Table 3) . Lynch & Blanchard (1998) calculated the pairwise K a /K s for a large sample of protein-coding genes from a broad spectrum of invertebrates; the mean was 0.13, higher than that for either the bdelloids or monogononts in our sample. Giribet et al. (2001) obtained cox1 sequences from a large sample of arthropod taxa. We calculated pairwise values of K 12 /K 3 with the Jukes-Cantor model for 651 bp of their sequences from 23 arthropods, obtaining a mean value of 0.15, again higher than in our rotifers. We calculated the mean pairwise K 12 /K 3 = 0.089, again with the Jukes-Cantor model, for 957-bp cox1 sequences from 75 leaf beetles (Funk, 1999) . Most or all of the organisms in these datasets are obligately sexual. These comparisons lead us to conclude that the loss of sexual reproduction in the bdelloids resulted in little or no reduction in the effectiveness of selection on the cox1 gene.
Discussion
Bdelloids have undergone substantial cladogenesis
Our data show that the bdelloid rotifers have undergone substantial cladogenesis. This is the first demonstration of substantial cladogenesis in an obligately asexual lineage using sequence data. Of these clades, 21 show two important characteristics of species: modest sequence diversity, characteristic of species in sexual animals, and Evolutionary models used to correct for multiple hits are those of Jukes and Cantor (JC), Nei and Gojobori (NG) , and the maximum likelihood model of Goldman and Yang (ML) . The Mann-Whitney probability is the probability that the monogononts and bdelloids have the same mean, determined with the Mann-Whitney U test.
reciprocal monophyly. The latter is a key feature of the cladistic and phylogenetic concepts. It also shows that the clades, and the natural populations they represent, have been evolving independently of each other for a long time, as required by the evolutionary species concept. Each is thus an independent arena for the basic evolutionary processes of mutation, drift, and selection. This is the basis of the cohesion species concept.
Bdelloid clades are adapted to different niches
At least some of the clades differ in morphology and behavior, showing that they are adapted to different niches. In further support of this, we demonstrated differences in food utilization between two clones, and in temperature tolerance between clones of two clades. We also found no evidence for isolation by distance in our bdelloids. If the different clades are not isolated from each other by distance, then they must be adapted to different niches in order to be evolving independently.
Bdelloids have undergone substantial speciation
We conclude that the clades we identified can be considered different species by most of the species definitions that are applicable to asexual organisms. If this is correct, then the bdelloid rotifers have undergone substantial speciation in the absence of sexual reproduction. This is the first demonstration of substantial speciation in an asexual lineage, based on phylogenetic analysis of DNA sequences. The extent to which these species correspond to the species already identified on the basis of morphology remains to be seen. We also note that our data support the suggestion of Hebert et al. (2003) that sequences of the cox1 gene can be used as ÔDNA barcodesÕ for the identification of species.
No detectable decrease in the effectiveness of natural selection on bdelloid genes
We failed to detect a greater accumulation of detrimental mutations in bdelloids, relative to monogononts and other sexual invertebrates, in the mitochondrial cox1 gene. Mark Welch & Meselson (2001) previously showed that the nuclear hsp82 gene of clones WPr, WMq, WAv, and WHc are under strong selection in both bdelloids and monogononts. There are several possible explanations:
1. The genes used in these studies may be too strongly selected to be useful for this purpose. The ratio K a /K s depends on the fixation probability of a new mutation. This in turn is a function of N e s, where N e is the effective population size and s is the selection coefficient of the mutation. The reduced effectiveness of selection in asexuals can be viewed as a reduction in N e , but when s is very large, it takes a very large reduction in N e to produce a detectable change in N e s and the fixation probability (theoretical results not shown). In other words, when selection is sufficiently intense, genetic drift is not very important in either sexual or asexual species. It is possible that an analysis of other genes that are subject to less stringent selection in monogononts, and hence more sensitive to a reduction in selection intensity, would show that some have accumulated dangerously large loads of detrimental mutations. Recently, David Mark Welch, Matthew Meselson, and Michael Cummings (personal communication) estimated K a /K s = 0.05 for our combined sequences of cox1 and another mitochondrial gene, cob, for four bdelloid clones (WPr, WMq, WAv, and WHc). We also found a low value of K a /K s for cob alone in a larger sample of bdelloids (data not shown). 2. The effective population size of rotifers may be so large that the decrease due to loss of sexual reproduction isnÕt readily detectable. This is unlikely, because the independently evolving clades show sequence diversity similar to that of sexual organisms. This sequence diversity is a function of N e u where u is the mutation rate.
If N e is unusually large in bdelloids, then the mutation rate must be unusually small. Even if bdelloids may very large census population sizes, we suspect that the number of offspring per female is extremely variable due to their opportunistic life style. If so, their variance effective population size would still be modest. 3. The phenotypic effects of new mutations may have changed in bdelloids. As discussed above, the effect of the loss of sex on the ratio K a /K s depends on the product N e s. The reduction in N e due to the loss of sex could be compensated by a decrease in the selection coefficient s for nonsynonymous substitutions (i.e., they became less detrimental), or to an increased effectiveness of selection for synonymous substitutions (selection for codon bias increased). Another possibility is that detrimental mutations may be more strongly detrimental in bdelloids than in otherwisesimilar sexual lineages. Strongly detrimental mutations are rarely fixed by random drift in asexual or sexual lineages and are unlikely to contribute to K a /K s (Gabriel et al., 1993) . A change in fitness effects of new mutations is plausible because the fitness of a new mutation is influenced by the background genotype and can be modified by selection (Rutherford, 2000; Hartman et al., 2001 ). 4. There may be an ascertainment bias. We are seeing only the lucky survivors who survived because they havenÕt accumulated many detrimental mutations by chance. We will use our larger sample of bdelloids to estimate the strength of selection along branches at varying distances from the tip of the tree. The newest lineages have had less time in which to become extinct and should not be subject to this bias.
We do not know how large a load of detrimental mutations is needed to push a population of bdelloids over the brink into extinction, but they do not appear to be any closer to extinction than their sexual relatives.
We said at the outset that two basic problems of biology intersect in asexual organisms like the bdelloids: the evolutionary advantage of sex, and the nature of species. Theory predicts that natural selection should be weaker in asexual organisms, compared to sexual organisms. Consequently, asexuals should be less able to retain and fix the mutations needed adapt to different niches, and have a lower rate of speciation. Theory also predicts that asexual organisms should accumulate more detrimental mutations than sexual organisms, leading to a higher rate of extinction of species. The net effect would be a lower rate of speciation in asexuals than in sexuals, all else being equal. Our results show that the bdelloid rotifers can speciate, possibly because all else is not equal. Future studies will look for features of the bdelloids that might compensate for the loss of sex.
